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ELECTRONIC WALL-STUD SENSOR WITH 
THREE CAPACTIVE ELEMENTS 

BACKGROUND 

This invention relates to Sensors Suitable for locating 
objects positioned behind or within a Volume of material, 
and in particular to a wall-Stud Sensor. 

U.S. Pat. No. 4,464,622, issued Aug. 7, 1984, discloses an 
electronic Sensor for locating objects, Such as wall Studs, 
positioned behind wall surfaces. That sensor detects the 
edges of Studs by measuring changes in the capacitance of 
a wall due to the presence or absence of a Stud as the Sensor 
is moved along the wall Surface. 

That Sensor includes capacitive plates, or elements, con 
nected to circuits that detect changes in the capacitance of 
those elements. AS the Sensor is moved along a wall, any 
Such capacitive changes are presumably due to changes in 
the dielectric constant of the wall; increased capacitance is 
generally associated with the presence of a wall Stud. 

While this sensor works well to locate the edges of studs 
within most walls, experience has shown that its perfor 
mance could be improved in Several respects. For example, 
the precision with which that Sensor locates a given Stud 
edge depends upon various extraneous factors that affect 
wall capacitance, Such as the thickness of the wall covering 
material, the dielectric constant of the wall covering material 
and the Stud, the ambient humidity, and the temperature of 
the electronics within the Sensor. Variances in Some of these 
factors are compensated for by calibrating the Sensor prior to 
each use by placing the Sensor against the wall covering 
material at a place behind which there is presumed to be no 
Stud. However, Such calibration does not completely com 
pensate for Such variances. For example, changes in the 
thickness of wall covering thickness change the perceived 
location of Stud edges. Furthermore, the calibration may be 
erroneous if there is a Stud adjacent or partially adjacent the 
Sensor during calibration. Accordingly, there is a need for a 
Sensor that is easier to calibrate and leSS Sensitive to varia 
tions in extraneous parameters that affect wall capacitance, 
particularly various wall thicknesses. 

SUMMARY 

The present invention is directed to an easily calibrated 
Sensor that is relatively insensitive to variations in extrane 
ous factors that affect wall capacitance. The Sensor includes 
a comparison circuit connected to each of three capacitive 
elements. AS the Sensor is moved along a wall, the com 
parison circuit monitors the relative charge time of three 
capacitive elements, the charge times providing an indica 
tion of the relative capacitances of the three capacitive 
elements. AS the Sensor is moved along a wall, changes in 
the relative capacitances of the three elements will occur in 
the presence of a hidden Stud as a result of changes in the 
dielectric constant of the wall. The comparison circuit uses 
differences in the measured relative capacitances of the first, 
Second, and third capacitive elements to locate the Stud. 
Finally, the sensor includes an intuitive “window' display 
that simplifies the task of locating a Stud by providing a user 
with an image of the hidden Stud as the Sensor is moved over 
the stud. 

This Summary does not purport to define the invention. 
The invention is defined by the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a block diagram of a sensor 10 that may be used 
to locate a stud 12 behind a wall covering 14. 
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2 
FIG. 2 is a graph of capacitance (vertical axis) versus 

position (horizontal axis) for the capacitance values C, C, 
and C, corresponding to the right capacitive element 16, the 
center capacitive element 18, and the left capacitive element 
20, respectively. 

FIG. 3A is a block diagram of a portion of sensor 10, and 
in conjunction with FIG. 3B illustrates how the relative 
capacitance C of capacitive element 18 is compared to 
capacitance C of capacitive element 20 in accordance with 
one embodiment of the present invention. 

FIG. 3B illustrates the operation of sensor 10. 
FIG. 4 graphically represents the number of DAC steps 

(vertical axis) required to maintain equilibrium between 
capacitive elements 16, 18, and 20 of FIG. 1. 

FIG. 5 is a schematic diagram of an embodiment of a 
sensor 60 in which center capacitive element 18 is divided 
into a pair of capacitive elements 18a and 18b. 

FIG. 6 graphically represents the number of DAC steps 
(vertical axis) required to maintain equilibrium between 
capacitive elements 16, 18, and 20 of FIG. 5. 

FIG. 7 is yet another embodiment of a sensor in accor 
dance with the present invention. 

FIG. 8 is a schematic diagram of a circuit 80 for charging 
and discharging capacitive element 16. 

FIG. 9 depicts display 68 (of FIGS. 5 and 7) mounted 
within a housing 90. 

FIG. 10 graphically represents the number of DAC steps 
(vertical axis) required to maintain equilibrium between 
capacitive elements 16, 18, and 20 of FIG. 5. 

FIG. 11 graphically represents the data of FIG. 10 con 
ditioned to provide input signals to display 68. 

FIG. 12 is a flow chart illustrating the operation of 
microcontroller 66 in conjunction with the remaining cir 
cuitry of sensor 60. 

DETAILED DESCRIPTION 

FIG. 1 is a block diagram of a sensor 10 that may be used 
to locate a stud 12 behind a wall covering 14. To locate stud 
12, sensor 10 is moved along wall covering 14 until sensor 
10 provides an indication of wall stud 12. 

Sensor 10 includes right, center, and left capacitive ele 
ments 16, 18, and 20, respectively. Capacitive elements 16, 
18, and 20 are connected via respective lines VR, V, and 
V, to a comparison circuit 22 and an excitation Source 24. 
In operation, excitation Source 24 provides electrical charge 
to each of elements 16, 18, and 20, enabling comparison 
circuit 22 to compare the relative capacitive values of 
capacitive elements 16, 18, and 20. In accordance with the 
present invention, the relative capacitive values are used to 
determine the location and placement of stud 12 behind wall 
covering 14. 

It is known in the art that the presence of a dielectric 
increase capacitance by a factork, So that the capacitance C 
of a capacitive element in the presence of a dielectric is 
expressed as: 

where C is the capacitance of the element in the absence of 
a dielectric (e.g., adjacent a vacuum). FIG. 2 is a graph of 
capacitance (vertical axis) versus position (horizontal axis) 
for the capacitance Values C, C, and C, corresponding to 
the right capacitive element 16, the center capacitive ele 
ment 18, and the left capacitive element 20, respectively. 
The arrow of FIG. 2 indicates that in use stud sensor 10 is 
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moved by the user left to right over wall covering 14. The 
capacitive levels shown are taken with respect to a center 
line 22 of stud sensor 10. AS stud sensor 10 is moved left to 
right, capacitive element 16 first encounterS Stud 12. 
Because Stud 12 acts as a dielectric, capacitive value C of 
capacitive element 16 increases as Sensor 10 approaches 
Stud 12, the maximum value of the capacitance C occurring 
when capacitive element 16 is directly over stud 12. Sub 
Sequent to capacitive element 16 passing over Stud 12, 
capacitive element 18 and, in turn, capacitive element 20 
Similarly pass over Stud 12. Consequently, as shown in FIG. 
2, the rise and fall of the capacitance values C, C, and C, 
occur at different positions. AS explained below, Sensor 10 
uses the relative magnitudes of capacitances C, C, and C, 
as sensor 10 is moved over stud 12 to determine the 
placement of Stud 12. 

FIG. 3A is a block diagram of a portion of sensor 10, and 
in conjunction with FIG. 3B illustrates how the relative 
capacitance C of capacitive element 18 is compared to 
capacitance C of capacitive element 20 in accordance with 
one embodiment of the present invention. As shown in FIG. 
3A, excitation Source 24 includes an output terminal EXC 
that is connected to line V, via a resistor R1 and to line V, 
via a resistor R2. Comparison circuit 22 includes a pair of 
Schmitt triggers 30 and 32. Schmitt trigger 30 is connected 
via a line MV to the clock terminal of a D flip-flop 34. 
Schmitt trigger 32 is connected via a line MV, to the 
D-input of flip-flop 34. 
The output terminal Q of flip-flop 34 is connected to a 

control circuit 36 via a line DEC L (for decrement left 
DAC). Control circuit 36 includes a first nine-line bus 
CNT L coupled to the input terminals of a digital-to-analog 
converter (DAC) 38 and a second nine-line bus ACNT L. 
DAC 38 has an output terminal connected to line V, via a 
resistor R3. 

Note that DAC 38 is designated DAC L, the first nine 
line bus CNT L, and the second nine-line bus ACNT L. 
The common " L' indicates that these components are 
asSociated with Left capacitive element 16. This labelling 
convention is used herein when referring to other compo 
nents associated with the right ( R), center ( C), and left 
( L) capacitive elements 16, 18, and 20, respectively. 

FIG. 3B is a timing diagram illustrating the operation of 
Sensor 10 in two circumstances. In the first, depicted in the 
left side of FIG.3B, the dielectric constants k and k, of the 
materials adjacent elements 18 and 20, respectively, are 
equal (e.g., when there is no stud adjacent either of elements 
18 or 20). In the second circumstance, depicted in the right 
side of FIG. 3B, the dielectric constant k of center element 
18 is greater than the dielectric constant k, of left element 20 
(e.g., when Stud 12 is adjacent center element 18 only). 

Excitation Source 24 outputs a periodic binary Signal on 
line EXC that Switches from a logic 0 (e.g., Zero Volts, or 
ground potential) to a logic 1 (e.g., five volts). In one 
embodiment, the signal on line EXC is a 16 KHZ signal 
having a duty cycle of 1/16. 

Each time the Signal on line EXC goes high, the Voltage 
levels on lines V, and V, increase at a rate determined by 
the resistances of resistors R1 and R2 and the capacitances 
C, and C, of elements 18 and 20, respectively. In the 
embodiment of FIG. 3A, resistors R1 and R2 are equal, as 
are the areas of capacitive elements 18 and 20. 
Consequently, the Voltage levels onlines V, and V, increase 
at the same rate in the absence of any difference between 
dielectric constants k and k. In one embodiment, resistors 
R1 and R2 (and a similar resistor, not shown, corresponding 
to capacitive element 16) are each 220 KS2, and each of 
capacitive elements 16, 18, and 20 have a length L of two 
inches, a width W of 0.66 inches, and are spaced apart a 
distance d of 0.01 inches. 
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4 
AS capacitive elements 18 and 20 charge, the respective 

voltages on lines V, and V, increase. Then, when the 
Voltages onlines V, and V, exceed the threshold Voltage V, 
of Schmitt triggers 30 and 32, respectively, Schmitt triggers 
30 and 32 output a logic one on their respective output lines 
MV, and MV. Because dielectric constants k and k are 
equal, the outputs of Schmitt triggerS 30 and 32 should go 
to logic one at Virtually the same instant in time, as indicated 
by arrows 40 and 42. 

Flip-flop 34 is a conventional positive-edge-triggered 
flip-flop 34. Thus, if the logic level on the D input (line 
MV,) is a logic one on the rising edge of clock terminal (line 
MV), then output terminal Q of flip-flop 34 will go to a 
logic one. If, on the other hand, the input signal on the D 
input is a logic Zero on the rising edge of the Signal on line 
MV, then output terminal Q will output a logic Zero. 

Because the Signals on lines MV, and MV, are approxi 
mately coincident in the foregoing example, the output level 
on terminal Q of flip-flop 34 will be either a logic one or a 
logic Zero. Further, over the course of many excitation 
cycles on line EXC, the output level on terminal Q of 
flip-flop 34 will be a logic one approximately 50% of the 
time. 

Control circuit 36 averages the signal on line DEC L 
over a number of excitation pulses (e.g., 64 cycles in one 
embodiment) to reduce the effects of noise. In the case 
described above in which the average count on line DEC is 
0.5, control 36 maintains a relatively constant output count 
on bus CNT L. Consequently, the resting (i.e., unexcited) 
voltage level on line V, is approximately constant. In one 
embodiment, if the number of logic ones counted over 64 
cycles is less than or equal to 28, than the average count is 
Set to a logic Zero; if the number of logic ones is greater than 
28 and less than 36, the average count is left unchanged from 
the last cycle; and if the number of logic ones is greater than 
or equal to 36, than the average count is set to a logic one. 
So long as dielectric constants k and k, remain equal, So 

too will capacitances C, and C, of respective elements 18 
and 20. Furthermore, comparison circuit 22 will remain 
balanced as discussed above So that the count on bus 
CNT L will remain approximately constant. The count 
required to maintain coincident rising edges for the Signals 
on lines MV, and MV, is stored in control circuit 36 as a 
calibration count CAL L. 

FIG. 3B depicts the circumstance in which the dielectric 
constant k of center element 18 is greater than the dielectric 
constant k, of left element 20 (e.g., when Stud 12 is adjacent 
center element 18). Because stud 12 increases the dielectric 
constant k adjacent capacitive element 18, the capacitance 
C, of element 18 increases. As a result, the time required to 
charge capacitive element 18 to a level Sufficient to raise the 
voltage on line V, above threshold voltage V of Schmitt 
trigger 30 increases. 
The increased charge time of capacitance C, delays the 

time at which Schmitt trigger 30 is triggered (identified by 
arrow 44) to a time later than the time at which Schmitt 
trigger 32 is triggered (identified by arrow 46). Further, 
because the voltage on line MVc, which clocks flip-flop 34, 
transitions while the Signal on line MV is a logic one, the 
output Signal online DEC L will necessarily be a logic one, 
as indicated by arrow 48. 
The line DEC L is So-called because a logic one on line 

DEC L instructs control circuit 36 to decrement the count 
on bus CNT L. By so doing, the output level of DAC 38 
(and therefore the Voltage on line V.) is decreased, as 
indicated by arrow 50. By decreasing the voltage on line V, 
the time required to ramp the Voltage on line V, up to the 
threshold voltage V of Schmitt trigger 32 increases. 
Consequently, the next time excitation Source 24 outputs a 
logic one on line EXC the signal on line MV, will transition 
to a logic one at a time closer to the transition on line MV. 
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This feedback will continue over a number of excitation 
source cycles until the transitions on lines MV, and MV, 
are nearly coincident. 

If Stud 12 were located adjacent the left capacitive ele 
ment 20, the output voltage on line V, would require a 
longer time period to reach the threshold voltage Vth then 
would the Voltage on line V. Consequently, the rising edge 
of the Signal on line MV would occur before a logic one 
was present on the D terminal of flip-flop 34, and the output 
Signal on line DEC L would be a logic Zero. A logic Zero 
on line DEC L causes control circuit 36 to increase the 
count on line CNT L, thereby increasing the Voltage level 
on line V. An increased base Voltage on line V, causes the 
Signal on line V, to reach the threshold voltage V. Sooner 
than in the previous cycle. This feedback cycle continues 
until the Voltage on lines V, and V. Simultaneously reach 
the threshold Voltage V. In one embodiment, the count on 
bus CNT L required to provide coincidence between the 
transitions on lines MV, and MV, is established quickly 
using a conventional Successiveapproximation routine. 

The above-described feedback continuously operates to 
maintain coincident rising edges for the Signals on lines 
MV, and MV. This condition may be referred to as 
“equilibrium.” To maintain circuit 22 in equilibrium, the 
count Supplied to DAC 38 on bus CNT L must change to 
compensate for any change in the relative capacitances C, 
and C, of capacitive elements 18 and 20. Thus, the count on 
line CNT L provides an indication of the relative capaci 
tances C and C, of capacitive elements 18 and 20. In 
particular, the calibration count CAL L required to balance 
circuit 22 when capacitances C, and C, are equal is Sub 
tracted from the count on bus CNT L required to balance 
circuit 22 when capacitances C and C, are not equal. The 
resulting difference between the left calibration count 
CAL Land the count on bus CNT L is expressed digitally 
on bus ACNT L (i.e., ACNT L=CNT L-CAL L). For 
example, if the calibration count CAL L were 56 and a 
difference in dielectric constants k, and k required 100 DAC 
steps on bus CNT L to compensate for the difference, the 
binary data present on bus ACNT L would represent 100 
56=44. DAC steps. 

The circuit of FIG. 3A compares the relative capacitances 
C, and C, of capacitive elements 18 and 20 to maintain the 
left and center capacitive elements 20 and 18 in equilibrium. 
Other circuitry within comparison circuit 22 compares the 
respective capacitances C and C of right capacitive ele 
ment 16 and center capacitive element 18 to similarly 
maintain the right and center capacitive elements 16 and 18 
in equilibrium. Because each of right and left elements 16 
and 20 are in equilibrium with center element 18, right and 
left elements 16 and 20 are also in equilibrium with respect 
to one another. This aspect of the invention is described in 
more detail with reference to FIG. 5. 

FIG. 4 graphically represents the number of DAC steps 
(vertical axis) required to maintain equilibrium between 
capacitive elements 16, 18, and 20 of FIG. 1 as sensor 10 is 
moved from 4 inches to the left of stud 12 (i.e., -4) to 3 
inches to the right of stud 12 (i.e., 3). The line ACNT R 
indicates the number of DAC Steps required to maintain 
right capacitive element 16 in equilibrium with center 
capacitive element 18, while the line ACNT L represents 
the amount of DAC StepS required to maintain equilibrium 
between center capacitive element 18 and left capacitive 
element 20. 

Beginning at -4, representative of when the center of Stud 
sensor 10 is located 4 inches to the left of stud 12, each of 
lines ACNT R and ACNT L shows that the right and left 
capacitive elements 16 and 20 require Zero DAC steps to 
achieve equilibrium. The Zero DAC steps of the vertical axis 
in FIG. 4 is not an absolute value of Zero. Instead, DAC 38 
(and a similar DAC for right capacitive element 16) has 
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6 
provided the non-Zero calibration count CAL L on bus 
CNT during a calibration step: the DAC steps of FIG. 4 
represent the number of Steps above and below the respec 
tive calibration points for the right and left elements 16 and 
2O. 

Referring to line ACNT R, FIG. 4 shows that as the right 
capacitive element 16 approaches Stud 12 the number of 
DAC Steps required to maintain equilibrium increases. This 
requisite increase is due to the increased capacitance C of 
capacitive element 16. At the same time, because capacitive 
element 18 (the center element) is also approaching Stud 12, 
line ACNT L shows that DAC 38 associated with left 
capacitive element 20 is decreasing. This decrease is not due 
to a decrease in the capacitance C of left capacitive element 
20, but is instead due primarily to an increase in capacitance 
C, of capacitive element 18. 
Also shown in FIG. 4 is a line L+R (short for ACNT 

R+ACNT L) representing the sum of the DAC steps for the 
left and right capacitive elements 20 and 16, respectively. 
Interestingly, when the center capacitive element 18 is 
centered about an edge 54 of stud 12, ACNT R and 
ACNT L are equal in magnitude and opposite in polarity; 
consequently, the Sum L+R is equal to Zero when the center 
of sensor 10 is located above edge 54. The Sum L--R is 
similarly equal to Zero when the center of sensor 10 is 
located directly over edge 56. 
A fourth line of FIG. 4 depicts the ratio (L-R)/(L+R). 

Because the denominator L+R is equal to Zero at each of 
edges 54 and 56 where L--R equals zero of stud 12, the ratio 
(L-R)/(L+R) is infinite at edges 54 and 56 where L+R 
equals Zero. It has been found that this ratio is useful in 
identifying the presence of Stud edges. Using the ratio 
(L-R)/(L+R) is advantageous because the ratio cancels out 
Some dielectric variations. For example, changes in humid 
ity or wall covering material can affect the left, center, and 
right capacitances C, C, and C and will therefore affect 
the values of L and R; however, Such changes will not affect 
the ratio (L-R)/(L+R). Consequently, sensor 10 may be 
calibrated whenever the dielectric constants k, k, and k of 
the respective right, center, and left capacitive elements 16, 
18, and 20 are equal, such as in air. This is preferable to prior 
art Sensors that must be calibrated against each wall over 
which the Sensor is Scanned to compensate for variations in 
wall capacitance. 

FIG. 5 is a schematic diagram of an embodiment of a 
sensor 60 in which center capacitive element 18 is divided 
into a pair of capacitive elements 18a and 18b. Sensor 60 is 
generally similar to sensor 10 of FIGS. 1 and 3a, like 
numbered elements being the same. However, in the 
embodiment of FIG. 5, capacitive elements 16, 18, and 20 
have dimensions different from the like elements of FIGS. 1 
and 3A. 

Sensor 60 includes a comparator circuit 61, which 
includes, in addition to the elements of comparator circuit 22 
of FIG. 3A, a second DAC 62, a second flip-flop 64, a 
resistor R4 connected between line EXC and line V, and a 
resistor R5 connected between the output of DAC 62 and 
line V. Comparison circuit 61 also includes an additional 
Schmitt trigger 65 that is substantially identical to Schmitt 
triggers 30 and 32. A display 68 provides a visual indication 
of the location of stud 12 based on data supplied from a 
microcontroller 66 via a bus 69. 

Microcontroller 66 functions as both a controller circuit 
for adjusting the output voltage levels of DAC 62 and DAC 
38 and an excitation Source for providing the periodic 
excitation Signal on line EXC to capacitive elements 16, 18, 
and 20. Comparison circuit 61 works in conjunction with 
microcontroller 66 substantially as described above in con 
nection with FIGS. 3A and FIGS. 3B to maintain equilib 
rium between capacitive elements 16, 18, and 20. 

In one embodiment, microcontroller 66 is a 16C73 micro 
controller available from Microchip Corporation of 
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Chandler, Arizona. Using a 16C73 microcontroller allows 
DAC 62 and DAC 38 to be implemented as part of micro 
controller 66. In that embodiment, DAC 62 and DAC 64 
conventionally convert digital DAC Steps into analog Volt 
age levels by outputting an averaged pulse-width modulated 
Signal as the analog Voltage. Micro-controller 66 is pro 
grammed to use machine-code cycle counting, rather than 
conventional interrupt control, to minimize jitter between 
the clock signal on line C, K and the outputs of DAC 62 and 
DAC 64. 

It is to be understood that one of ordinary skill in the art 
could code the microcontroller computer program in light of 
the detailed operating StepS described hereinafter. 

FIG. 6 graphically represents the number of DAC steps 
(vertical axis) required to maintain equilibrium between 
capacitive elements 16, 18, and 20 of FIG. 5. Sensor 10 
depicted in FIG. 5 functions substantially the same as sensor 
10 as depicted in FIG. 1, the behavior of which is graphed 
in FIG. 4. However, Separating the center capacitive element 
18 into a pair of equally sized elements 18A and 18B, each 
having an area one half that of either element 16 or 20, 
moves the point at which the Sum L+R is equal to Zero. In 
one embodiment, the Zero cross of line L--R is offset by a 
distance of approximately three-eighths of an inch. It has 
been found that this distance is consistent despite changes in 
capacitive variables Such as humidity, wall thickness, or Stud 
material. Hence, the offset is easily accounted for by adjust 
ing the way the information of FIG. 6 is displayed. 
Moreover, the offset on either side of stud 12 results in a 
wider range over which the ratio (R-L)/(R+L) produces 
useful information. In one embodiment, each of elements 
16, 18, and 20 have a length L of two inches, the width W 
of elements 16 and 20 is 0.5 inches, the distanced between 
elements 18A and 18B is 0.5 inches, and the distance d. 
between elements 16 and 18A and between 20 and 18B is 
0.01 inches. 

FIG. 7 is yet another embodiment of a sensor in accor 
dance with the present invention. Sensor 70 of FIG. 7 is 
similar to sensor 60 of FIG. 5, like-numbered elements being 
similar. However, to sensor 60 is added an additional flip 
flop 71, an additional DAC 72, and an additional resistor R6 
coupled between the output of DAC 72 and line V. In 
addition, microcontroller 66 is configured to output a clock 
Signal on line C, K to drive the clock input terminals of each 
of flip-flops 34, 71, and 64. 

In addition to removing line MV from the clock input 
terminals of flip-flops 34 and 64, the line MV is coupled 
instead to the D input of the additional flip-flop 71. As a 
consequence of the foregoing changes, capacitances C, C, 
and C, of capacitive elements 16, 18, and 20 are measured 
with respect to a common reference clock, as opposed to in 
prior embodiments where capacitances C and C, of the 
right and left capacitive elements 16 and 20 were measured 
with respect to capacitance C of center element 18. 

FIG. 8 is a schematic diagram of a circuit 80 for charging 
and discharging right capacitive element 16; circuits similar 
to circuit 80 may be used to charge and discharge capacitive 
elements 18 and 20. 

Circuit 80 includes a transistor 84 for discharging capaci 
tive element 16. In place of DAC 62 of FIG. 5, circuit 80 
includes a DAC 86 that provides a charging current I to 
line V. When the signal on line EXC is a logic one, the 
complement of the signal on line EXC (EXC) turns transis 
tor 84 is off to allow the charging current I to charge 
capacitive element 16. Then, when the signal on line EXC 
returns to a logic Zero, the charge on capacitive element 16 
is discharged to ground potential. 
A sensor including circuit 80 functions substantially the 

same as sensor 60 of FIG. 5. However, the use of circuit 80 
allows the function of sensor 60 to be provided without the 
need for resistorS R, R2, R., R., and Rs. This may be 
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advantageous in Some embodiments because transistor 84 is 
more easily integrated than are resistors R., R., R., R., and 
Rs. In addition, the rate of change of the Voltage on 
capacitive element 16 (dV/dt) is a constant in circuit 80 as 
compared with the configuration of Sensor 60. Maintaining 
the charge rate constant renders a Sensor leSS Sensitive to 
shifts in the Switching threshold of the Schmitt triggers. 
Finally, the Separate discharge path provided by transistor 84 
Speeds up the discharge rate of element 16, and consequently 
allows for Substantial increases in the excitation duty cycle 
on line EXC. 

FIG. 9 depicts display 68 (of FIGS. 5 and 7) mounted 
within a housing 90. In the embodiment of FIG. 9, display 
68 is an LCD display that includes a number of binary 
(on/off) display elements 92. In the embodiment shown there 
are fifteen display elements 92; however, other numbers of 
elements may be used. 
To illustrate the operation of display 68, housing 90 is 

depicted in three locations on a Surface beneath which is 
located stud 12. As display 68 is moved to the right, as 
indicated by an arrow 94, those of display elements 92 
positioned over Stud 12 are illuminated, thus providing a 
“window' into the Surface. 

Display 68 is configured to provide 28 unique display 
patterns: all of elements 92 may be blank, from one to 
thirteen adjacent ones of the left-most thirteen elements may 
be illuminated, from one to thirteen adjacent ones of the 
right-most thirteen elements may be illuminated, or the 
center thirteen elements may be illuminated. 
As housing 90 is moved right, those of elements 92 over 

Stud 12 illuminate, in Series, up to a maximum of 13 adjacent 
illuminated elements 92. Not illuminating the end ones of 
elements 92 when housing 90 is centered over stud 12 helps 
give the appearance of display 68 providing a “window into 
the wall.” The manner of driving display 68 to achieve the 
window effect is described below in connection with FIGS. 
10 through 12. 

Display 90 may be any type of display, such as an LCD 
display, an LED display, or illuminated elements using other 
forms of illumination. In the context of the present 
application, “illuminated” refers to the presence of the 
displayed object (e.g., the segment being “on”); thus in the 
case of an LCD display as shown here, the “illuminated” 
portion may actually be darker (as shown in FIG. 9) than are 
the “non-illuminated” portions. 

FIG. 10 is similar to FIG. 6, and graphically represents the 
number of DAC Steps (vertical axis) required to maintain 
equilibrium between capacitive elements 16, 18, and 20 of 
FIG. 5. In addition to the curves of FIG. 6, FIG. 10 includes 
a curve L-R that represents the difference between 
ACNT R and ACNT L. Vertical lines 102 and 104 indicate 
the points at which the sum L--R equals 4 DAC counts. In 
one embodiment, microcontroller 66 is programmed to drive 
display 68 using the signals L-R, ACNT R, and ACNT L. 

FIG. 11 is a graphical representation of the data of FIG. 
10 conditioned to provide input signals to display 68. The 
area to the left of line 102 illustrates the complement of the 
signal of bus ACNT R, ACNT R; the area between lines 
102 and 104 illustrates one-third the difference between the 
signals of respective buses ACNT R and ACNT L; and the 
area to the right of line 104 illustrates the signal of bus 
ACNT L. 

FIG. 12 is a flow chart illustrating the operation of 
microcontroller 66 in conjunction with the remaining cir 
cuitry of sensor 60. When sensor 60 is powered up (step 
110), microcontroller 66 automatically performs a calibra 
tion Sequence (Step 120). During the calibration sequence, 
an operator holds Sensor 60 in a position Such that dielectric 
constantsk, k, and k, of the respective right, center, and left 
capacitive elements 16, 18, and 20 are equal for a calibration 
period. For example, Sensor may be held away from any wall 
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or Structure So that an air dielectric is provided for each of 
capacitive elements 16, 18, or 20. In one embodiment, the 
calibration period is approximately one Second. 

During the calibration period, microcontroller 66 first sets 
each DAC 38.62 at half scale by writing the value 80 hex 
into each DAC 38,62. Next, microcontroller 66 cycles each 
DAC in a conventional Successive-approximation routine 
starting with the most-significant bit. The nine-bit results for 
each DAC are then stored (step 124) as respective right and 
left calibration values CAL R and CAL L in registers 
within microcontroller 66. 

Once sensor 60 is calibrated, the operator moves sensor 
60 along a wall. Referring back to FIG. 11, as sensor 60 
approaches stud 12, ACNT R decreases. Microcontroller 66 
monitors the value of L+R and, as long as L+R is less than 
four DAC counts (step 130) and ACNT L-ACNT R (step 
150), provides a display corresponding to the value 
ACNT R. To select a unique display pattern, the value 
ACNT R is converted to a signal driving display 68, 
wherein each DAC count Selects a different one of the 
twenty-eight possible display patterns. For example, when 
the absolute value of ACNT R is one DAC count, display 
68 illuminates the right-most one of elements 92, and when 
the absolute value of ACNT R is two, display 68 illumi 
nates the right-most two of elements 92. 
As sensor 60 is moved rightward, the value L--R even 

tually exceeds four DAC steps (see line 102 of FIG. 11). 
When L--R is greater than or equal to four DAC steps, 
microcontroller 66 used the value (L-R)/3 to select the 
appropriate display pattern. Finally, as Sensor 60 is moved 
further to the right, the value of L--R will once again go 
below four DAC counts. This time, however, because 
ACNL L is greater than ACNL R, microcontroller 66 uses 
the value ACNL L to Select the appropriate display pattern 
(step 160). 
The values ACNT R, ACNT R, (L-R)/3, and ACNT L 

are Selected to control display 68 because they were empiri 
cally found to provide Smooth transitions from one display 
pattern to the next as display 68 is passed over Stud 12. 
Different sensors will require different treatment. It is to be 
understood that one of ordinary skill in the art could program 
microcontroller 66 to provide appropriate display Signals to 
display 68 in response to the aforementioned output signals. 

Although the present invention has been described in 
considerable detail with reference to certain preferred ver 
Sions thereof, other versions are possible. For example, an 
embodiment similar to sensor 70 of FIG. 7 may be imple 
mented without capacitive element 18 and the associated 
Schmitt trigger 30, flip-flop 71, DAC 72, and resistors R. 
and R. Therefore, the Spirit and Scope of the appended 
claims are not limited to the description of the preferred 
versions contained herein. 
What is claimed is: 
1. A method of locating an object positioned behind or 

within a volume of material, the method comprising: 
positioning first, Second, and third capacitive elements 

adjacent first, Second, and third regions on a Surface of 
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the material wherein the Second capacitive element is 
located between the first and third capacitive elements, 

comparing a change of the relative capacitances of the 
first to that of the Second capacitive element, and 
comparing a change of the relative capacitance of the 
Second to that of the third capacitive element, and 

including moving the first, Second, and third elements 
along the Surface while comparing the relative capaci 
tances of the first, Second, and third capacitive ele 
mentS. 

2. The method of claim 1, wherein the relative capaci 
tances are compared by comparing the relative Voltage 
change rates of the first, Second, and third capacitive ele 
mentS. 

3. The method of claim 2, wherein comparing the relative 
Voltage-change rates includes measuring first, Second, and 
third charge times required for the first, Second and third 
elements to charge to a threshold Voltage. 

4. The method of claim 1, further comprising a calibration 
that includes comparing the relative capacitances of the first, 
Second, and third capacitive elements before positioning the 
first, Second, and third capacitive elements adjacent first, 
Second, and third regions on a Surface of the material. 

5. The method of claim 4, wherein the calibration includes 
positioning the first, Second, and third capacitive elements 
adjacent a material having a single dielectric constant. 

6. The method of claim 5, wherein the material is air. 
7. The method of claim 1, further comprising simulta 

neously exciting the first, Second, and third capacitive ele 
mentS. 

8. A device for locating an object positioned behind or 
within a volume of material, comprising: 

first, Second, and third capacitive elements arranged to be 
co-planar, the Second capacitive element being located 
between the first and third capacitive elements, 

a comparison circuit having first, Second and third termi 
nals coupled to respectively the first, Second and third 
capacitive elements, wherein the comparison circuit 
compares a change of the capacitance of the first 
capacitive element to that of the Second capacitive 
element, and compares a change of the capacitance of 
the Second capacitive element to that of the third 
capacitive element by moving the first, Second, and 
third elements along the Surface while comparing the 
relative capacitances of the first, Second, and third 
capacitive elements, thereby to determine a location of 
the object. 

9. The device of claim 8, further comprising a single 
excitation Source coupled to each of the first, Second and 
third capacitive elements. 

10. The device of claim 8, wherein the device determines 
a Static location of the object. 

11. The method of claim 1, wherein the first, second and 
third capacitive elements are arranged to be co-planar. 
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